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The statistical theory of particle evaporation from hot compound nuclei can be used to calculate the prob-
ability that particles are evaporated from the nuclear surface with not enough energy to surmount the Coulomb
barrier. These quasievaporated particles exist between the nuclear surface and the Coulomb barrier for a short
period of time before returning to the nuclear fluid. Occasionally, a quasievaporated charged particle emitted
into the region surrounding the pre-scission neck material, fails to be reabsorbed by either of the main
fragments as they accelerate away from each other after scission. This new particle emission mechanism can be
used to explain many of the properties of ternary nuclear fission.
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Ternary nuclear fission is a process by which a thirdour model are first produced in the neck rupture region via a
charged fragment is generated in the fission process close $tatistical process. Our model can be considered a blending
the plane perpendicular to the direction of the two mainof two models similar, but not identical, to those proposed by
charged fragments. Extensive measurements on the propeétlalpern[12] and Fong[13,14. The statistical particle gen-
ties of ternary fission have been made and substantiallgration mechanism does not need to produce the full energy
documented1-4]. The energy spectra and angular distribu-required for ternary fission. Instead, the statistical process
tions of these particles show that they are generated close tly needs to produce light particles in the region of the neck
the scission(rupturg point, between the two main fission rupture. Statistically generated particles that are between the
fragments. The dominant ternary-fission particles are alphgain fragments and sufficiently far from the scission axis
particles, which occur a few times per thousand fissions irtan fail to be reabsorbed by either of the retracting neck

thermal-neutron-induced fission of actinidese Fig. ). stubs, and can find themselves outside the Coulomb barrier
The consensus has been that ternary fission is not assogjf the post-scission configuration.

ated with an evaporatio(statistica) process. Several argu- _ Calculating the properties of ternary fission within the

ments have been used to support this consensus. The majamework of the proposed combined statistical and dynami-

argument is the high-energy cost for emitting termnary Parcal model involves many steps. First, the shape, temperature,

ticles. The energy cost for ternary alpha particles has bee o P o . .
calculated to be~20 MeV [1]. This large energy cost for And kinetic energy of nuclear-fission scission configurations

ternary fission, and the nuclear temperature-df MeV for need to be detgrmined. Second, the properties of statistically
low-excitation-energy induced-fission scission conﬁgura-gener"".ted particles beyond the nuclear surface need to be
tions, leads to calculated ternary alpha-emission probabilitied€termined. Third, statistically generated particles that are
in a purely statistical model that are orders of magnituddl©t reabsorbed by the retracting neck stubs after scission
lower than those experimentally determingt]. Based on mgst be identified. Finally, trajectory calculatlpn_s are re-

this, and other arguments, many have concluded that the efuired to propagate the .three fragments to their final states.
ergy required to produce ternary fission comes purely from d "€ degree of complexity that could be incorporated into

dynamical process. Many dynamical models of ternary fis€ach one of these steps is, of course, high. In_this article, an
sion exist[4—§]. attempt is made to use very simple computational methods

More recently,y-y-y coincidences and-y-light charged while preserving enough complexity for the calculations pre-
particle coincidences have provided evidence for two differ-S€nted here to demonstrate the essentials of the proposed
ent mechanisms for ternary fission, one hot and the othdfrnary-fission mechanism.
cold [9-17]. In alpha-particle-accompanied fission GFfCf 10
the majority of the fissions are hof9], while for
1%Be-accompanied fission the cold process appears to domi- .
nate [11]. The coolness of the fission fragments following 10 /
beryllium-accompanied fission suggests that beryllium- 105 ] ™o o
accompanied fission cannot be an evaporative process. 40| - bydrogen ; \

Halpern [12] made a detailed attempt to describe the e helium ,«"\.4/ .,
ternary-fission emission mechanism. He suggested that the - lithium /
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energy required to emit ternary-fission particles is transferred 10° | -e-benyllium £
to these particles via the sudden collapse of the neck stubs 10°
into the main fragments after scission. A sudden neck col- 0 4 8 12

lapse is also invoked in the model presented here. The main Mass number of the light particle
difference between the suggestion of Halpern and the model
presented here is that the potential ternary-fission particles in  FIG.

[Eny

. Ternary-fission probabilities f6F°U(ny, f) [4].
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The Langevin equatiofiL5] is used, in conjunction with a
one-dimensiona(1D) finite-range-corrected nuclear poten- g
tial energy as a function of the separation of the nascenig
fragment center§l6], to calculate the descent of fissioning %
nuclei to the scission point. The combination of a reduced-*
nuclear-viscosity coefficient g8=1.5X 10?* s™%, and a dis-
tance between mass centers at scissidrR,@f- 2.6 times the
nuclear radius of the corresponding spherical syst&g),
leads to calculated final fragment kinetic energies in the fis- FIG. 2. A scission configuration. The thicker curve shows the
sion of heavy elements that are in agreement with the Violahape of a nucleus just before the neck snaps. The semicircles show
systematic$17]. The radii of spherical nuclei are assumed tothe location of spherical fragments immediately following scission,
be 1.22< AY3fm. This is consistent with the sharp-surface assuming an instantaneous retraction of the neck stubs. The small
Coulomb energy used in the nuclear potential-energy calcusolid circles highlight locations on the nuclear surface that do not
lations [16]. The chosen reduced-nuclear-viscosity coeffi-undergo high acceleration during the collapse of the neck stubs. The
cient is consistent with the average viscosity at large defordashed parabola represents the surface beyond which particles fail
mation, calculated using the surface-plus-window dissipatior© be reabsorbed by the retracting neck stubs.
mechanism[18]. The Langevin calculations for thermal-

neutron—mduc&_ad _flssmn U give a mean nuclear M- uclear fluid, a charged particle must have enough energy to
perature at scission of=1.03 MeV with a standard devia- rg4ch a point above the nuclear surface, where the Coulomb
tion of 0.05MeV (assuming a Fermi-gas level-density yepyision and the nuclear attraction are equal. This height is
parametera=A/8.6 MeV™). The corresponding mean ki- —r_+35 [20] for nearly spherical nuclei, wherg, is the
netic energy of the fragments at scission is 15 MeV with aradius of the particle and is the diffuseness of the Woods-
standard deviation of 3 MeV. The temperature at scissiorsaxon nuclear potential. However, if the nuclear fluid is ac-
and the kinetic energy of the fragments at scission are correzelerating away from a particle attempting to escape, then the
lated, because the total energy of the system is conservebeight that must be reached is lower. Figure 2 shows some
The calculated standard deviation of the fragment kinetickey features of a scission configuration. The parabola in Fig.
energy is lower than the measured value, because the preséntepresents a hyperbolical surface beyond which it is as-
calculation is a simple 1D calculation with a fixed fragmentsumed that particles fail to be reabsorbed by the retracting
mass ratio and fixed distance between mass centers at scig®ck stubs. A definitive calculation of this surface would be
ion. very complex. Here, this surface is defined using three rings
Using the standard statistical theory of particle evapora@round the neck region. Two of these are a distanceg, of
tion from hot compound nucl¢iL9], one can show that in the *36 along the normals to the scission configuration from the
classical limit, the particle emission rate per unit area fromsmall circles shown in Fig. 2, and the thirdrig+A, above
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To be classically evaporated from a nonaccelerating

nonaccelerating hot nuclear matter is the neck rupture location. All statistically generated particles
beyond this surface are assumed to be unaffected by the col-
(2s+ 1)uT? lapse of the neck stubs, while all particles below are assumed
= Wexp(— AE/T), D to be reabsorbed. The quantily, is the only free parameter,

and is adjusted to reproduce only the measured ternary-
wheres is the spin of the evaporated particle,is the re-  fission probabilities. If the mechanism proposed here is re-
duced mass of the particle-daughter system, A&dis the  sponsible for ternary fission, then we might exp&gto vary
minimum energy costAE is the particle binding energy plus smoothly with the mass and charge of the ternary-fission
the height of the corresponding Coulomb emission barriedight particles. _ _ o
Many more particles than those successfully evaporated from The probability of generating a potential ternary-fission
hot nuclear matter, attempt to escape the nuclear fluid but afe@rticle, as a function of both, and the scission tempera-
returned to the fluid by the strong nuclear force. These stal!"€ T, iS obtained by integrating E2) over the hyperboli-
tistically generated particles exist between the nuclear su@l surface represented by the dashed curve in Fig. 2. The
face and the Coulomb barrier. The probabilities of findingfinal result is obtained by averaging over the ensemble of
these quasievaporated particles as a function of height abo#§iSSion temperatures generated by the Langevin calculations
the nuclear surface, and the velocity distributions of thes&€scribed above. The only term in E@) that is difficult to
particles, are predicted by statistical physics. In the limit of ac@lculate is the energy cosiEs This is determined by the
shaped-surface nuclear fluid, the probability that a given pardifference in the nonthermal energy of the scission configu-
ticle type exists above a unit area of surface, between thEation with no statistically generated particles, and the non-

nuclear surface and the Coulomb barrier, is given by thermal energy of the scission configuration with the re-
- quired number and type of nucleons removed to form a
1270(2s + 1) w3212 single particle at the surface in question, and can be ex-
_ 2 ??,u exp(— AEJT), ) reiseg as |
471 %F P
AES:MD+MLP+VC+VN_MP7 (3)

where AEg is the minimum energy cost for getting the par-
ticle to the surface in question arkk is the force on the whereMy andM; are theT=0 masses of the daughter and
particle as it crosses this surface. parent systems, respectively, and are estimated using the
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modified liquid drop model[16]. M p is the measured 04

ground-state mass of the ternary-fission light parti¢leand 0.2 " - “Y‘?'°ge”

Vy are the Coulomb and nuclear potential energies, respec- 00 ¢ * helium

tively, of the light particle in the field of the daughter system. 02 A lithium

The shape of the parent system is the same as the scission E -04 ® berylium

shape in the Langevin calculations. The deformation of the

daughter was determined by assuming that the centers of 08
mass of both halves of the scission configuration remain 10
fixed during the statistical generation of the ternary-fission 12
light particle. The Coulomb potential energy;, is obtained 14 0 5 10 s 20

assuming a point particle in the field of the sharp-surfaced
daughter system.
It is well established that the depth of the Woods-Saxon Fig. 3. The values forA, needed to reproduc&U(ny,f)

potential for the interaction of a single nucleon with a ternary-fission probabilitiegs]. The line is only to guide the eye.
nucleus is~50 MeV, with a diffuseness close to 0.6 fi2].

Much deeper depths have been assigned to deut : Ipotentials with depths and diffusenesses as given above.

and triton potentials. However, to model the statistica Some fraction of the initial starting points do not lead to
evaporation of alpha particles from hot nearly spherical nu-

clei, many statistical model code®.g., [22,23) use an ternary fission, because the light particle is reabsorbed by

alpha-particle potential with a depth of 50 Md24]. The one of the sphericql fragmef!ts- The final _calculated proper-
depths of the real part of the Woods-Saxon potentials deteF'—es of the ternary-fission particles are obtained by an average
mined by the elastic scattering of heavy ions, vary frorﬁ 10 tcover the ensemble of correlated scission temperatures and the
70 MeV [25]. By constraining the diffusenéss parameters ragment klnetu_: energies, as generated by the Langevin cal-
the extracted depths appear to be more clustered aboﬁylat'ons Qescr||t)ed above.. fission in the three-bod .

50 MeV for heavy ions with 16t A< 20 [25]. It should be Assuming only symmetric fission in the three-body trajec-

noted that the elastic-scattering data are more sensitive to trt\%ry calculations leads to angular distributions for the light

) . I;%)articles that peak symmetrically between the main frag-
outer regions of the nuclear potential, and thus these pote ments and gives widths for the corresponding angular distri-
tial depths may contain considerable uncertainty. The Arue 9 P g ang

. Eutions that are less than the measured values. Using a real-
and Z dependence of the nuclear potential around the neck ;. S ; !
IStic mass distribution for the main fragments in the three-

region is made more complex by the high surface curvatur%ody trajectory calculations rectifies these deficiencies in the

around the neck, and the inverted curvature along the neck. A
angular distributions.

Given the uncertainty associated with defining the nuclear Using the approach described above, the probability of
Ef)r:,eTga,:ﬂ,ggg?g uosfefjl Eg:g’de;slr:a;g%arti %Iot?si(r)j tgewr:)i%l;_ aternary fission, and the properties of the corresponding light
P N g particles, can be calculated for various fission reactions as a

Saxon potential with a maximum depth of 50 MeV, and tunction of both particle type and the single free parameter
diffuseness o6=0.6 fm, independent of mass and charge of 23 P ype and 9 P
A,. For the®U(ny, f) ternary-fission reaction, the free pa-

the light particles. The Woods-Saxon potential is assumed toP i
be half its maximum depth when the center of mass of théameterAp was adjusted to reproduce each of the measured

particle is separated from the nuclear surface by the radius ission probabilities of I'ght parhcles from protons'tBe.
the light particle hese results are shown in Fig. 3. Thg parameter has a

To define the initial conditions of the three charged par—Strikingly linear dependence on the empirical scaling param-

ticles in ternary fission, it is assumed that the nascent fra gt;}_r A+3(§_bl)/2"_ for_ ternary flismdn involving hfsllum,
ments instantaneously collapse into spherical fragments thium, and beryllium isotopes. The dependencegfon A

the moment of scission. The initial velocity and position dis-

A+3(Z-1)12

tributions of the light particles are completely determined by »
statistical physics. The probability of generating a ternary- g““
fission particle is a strong function of the distance of closest RS
approach of the dashed curve shown in Fig. 2 and the nuclear E»}
surface at scission. This is controlled by the free parameter § 15
Ap. The initial velocity distribution of the light particle is a £ 10
function of the nuclear temperature at scission. Due to the 92»
strong dependence dfEg on the distance from the nuclear =5

fe)

surface, the initial positions of the light particles are on and
just above the hyperbolical surface represented by the dashed
curve in Fig. 2, and strongly peaked about the location of
closest approach of the hyperbolical surface and the nuclear fiG. 4. Measured26] and calculatedsolid curves energy
surface at scission. Three-body trajectory calculations argpectra for‘He, ®He, and®H in 235U(nthyf) ternary fission. The
used to propagate the two main spherical fragments and thisagreement on the low-energy side of fhe spectrum is due to
generated ternary-fission light particles in time. The threahe breakup oPHe emission intdHe plus a neutron. The data and
particles each interact via Coulomb fields and Woods-Saxonurves are normalized to have the same maximum height.

0 10 20 30
Light charged particle kinetic energy (MeV)
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Given the experimental evidence that suggests beryllium-
accompanied ternary fission is a cool procgss,11], it is
difficult to understand why the ternary-fission model pro-

(a)
. \ .
r \‘\A s * { posed here appears to be so successful. However, some other
A
N

[
(=]

recent works also seem to support a hot ternary-fission pro-
cess. The nuclear temperature of scission configurations in
spontaneous and low-energy neutron-induced ternary fission
of heavy elements has been estimated to-iel MeV, us-

Mean energy (MeV)
5 o

wm

s ®) ¥ ing isotope thermometrj27]. Koparchet al. [28] have mea-
2% ::ﬁ:ﬁgen i sured the ternary-fission production probability for the
£ | alithium particle-unstable short-lived 2.26 MeV Zxcited state of
= 1 berynium‘/r\{ 8Li (’Li") in spontaneous fission 8F°Cf. The®Li" datum is
) ¢ a powerful test of the proposed ternary-fission model. This is
E i because théLi" result cannot be obtained by an interpolation
T — : . or extrapolation of measured ground-state emission prob-
Léht chgrged gamcle3mass1&mu)12 abilities. In addition, the only quantities that are changed to

calculate the’Li” ternary-fission probability relative to the

FIG. 5. Measured4] and calculatedsolid curves mean ener-  lithium ground-state emissions are an additional energy cost
gies(a), and the full width at half maximurtFWHM) of the energy ~ of 2.26 MeV and a change ifLi spin from 2 to 3. The
spectra(b) of the light particles irF*U(ny, ) ternary fission. model calculation for the ratio of théLi" ternary-fission

probability in the spontaneous fission TfCf to the prob-

andZ is very sensitive to the assumed nature of the interacability summed over all lithium ground states is 5.3%, in
tion potential between the light particles and the neck mateagreement with the experimental result of 6+2%. This is
rial. For example, the apparent strong dependenci,ain  further evidence that ternary-fission light particles are being
mass can be reduced by introducing an increasing depth @froduced in the neck region via a statistical process.
the Woods-Saxon potential with increasing mass of the light Another mechanism has been proposed for ternary
particle. No great significance should be inferred from thenuclear fission. This mechanism involves a statistieafpo-
details of the mass and charge scaling\gfshown in Fig. 3.  ration) process that produces quasievaporated particles that
What is of importance is the fact that a smooth relationshipexist between the nuclear surface and the Coulomb barrier.
exists. The sudden snap of the neck stubs can cause a quasievapo-

Figure 4 compares measured and calculékéel ®He, and  rated charged particle, high above the neck-rupture location,
H energy spectra iﬁ?’E‘U(nth,f) ternary fission. The agree- to switch from being inside to outside the Coulomb barrier. A
ment between the model calculations and experiment is imkey feature of the proposed mechanism is that the statistical
pressive because no free parameters are adjusted to obtgirocess does not need to produce light charged particles that
the agreement shown in Fig. 4. Figure 5 compares measuren escape the Coulomb barrier using energy derived solely
and calculated mean energies and the full width at half maxifrom the heat bath. It must be emphasized that the emission
mum (FWHM) of the energy spectra of light particles from mechanism described here is classical. The quasievaporated
235U(nm,f) ternary fission. The model overpredicts the meanparticles are in the classically allowed region between the
energy of the protons, deuterons, and the lithium and berylauclear surface and the emission barrier, and will return to
lium isotopes. The predicted mean energies of the light parthe nuclear fluid if the field they experience is independent of
ticles are sensitive to the initial velocity distribution of the time. However, a sudden rearrangement of the nuclear fluid
light particles, the scission configuration neck radius, the ascan lead to the ejection of some quasievaporated particles.
sumed distance between mass centers, and the kinetic energyBased on the experimental results that are understood
of the two main fragments at scission. The widths of thewithin the framework of the proposed combined statistical
light-particle energy spectra provide a more critical test ofand dynamical model of ternary fission, the consensus that
the proposed ternary fission production mechanism, becausernary fission is not associated with an evaporation process
these widths are sensitive to the assumed initial velocity disshould be reevaluated.
tribution of the light particles, and less sensitive to other
assumed properties of the scission configuration. The calcu- The author would like to thank P. Russo, A. J. Sierk, and
lated widths are in good agreement with the experimentaR. Vandenbosch for their valuable input during the writing of
data. this manuscript.
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